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Finite element simulation of hot nanoindentation in vacuum
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Abstract

A finite element model is developed to investigé¢ehnical issues associated with hot nanoindemtatio
measurements in vacuum, e.g. thermal expansiorc@ttdrift and temperature variations at the contagton
between the cold indenter tip and hot specimenh\Wéat conduction properly accounted for, the miglable to
reasonably reproduce experimental indentation measnts on fused silica and copper—two materialdh wi
significantly different thermal and mechanical pedes—at several temperatures. Temperature ardingaate
effects on thermal drift are established using thexlel and an analytical expression for predictmymal drift is
numerically calibrated. The model also capturesitiedf the indentation process that are not dyeatcessible
experimentally, and reaffirms the need for operatiaefinements in order to acquire high tempeeatodentation
data of high quality, especially in a vacuum enmvingnt. Such information can guide experiments aimatd
understanding thermally-activated phenomena in riadge
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Introduction

Nanoindentation at elevated temperatures has biattang growing interest in recent years, notyoas a
means to measure the mechanical properties (eqglulos and hardness) of small structures at pedcsiervice
temperatures [1~9], but also because it is capablerobing high temperature deformation mechanismsthe
nanoscale [10~21]. As the indentation depth noymahges only from dozens to hundreds of nanometkes
material volume probed by nanoindentation is vanalsé As a result, internal dynamic events sucldiakcation
motion [22~24], shear banding [25,26], and phasesfiormation [27~29] can result in evident discomties on the
measured loadP-displacemenh curve. At high temperatures, however, the capgbdf extracting mechanical
properties or inferring atomic scale structuralraes under stress from tReh curve is affected by thermal drift.

It is a major technical challenge to identify thégm and extent of thermal drift for a specifigghttemperature
nanoindentation apparatus and experiment, andrtbefucontrol or minimize its effect during highntperature
nanoindentation. There are several thermally-rdldéetors that could cause drift, including therreffiects on
electric systems, fluctuation of temperature in$pecimen, heat convection from the heating soancespecimen
to the environment, and heat conduction betweerspleeimen and the indenter tip when the two aredirbinto
contact. Among these factors, heat conduction téadsigger the most displacement drift for higmfgerature
nanoindentation in a vacuum environment, as itdedrapid development of temperature gradientsthacmal
strain that superimposes onto the true respondbeopecimen. In other words, the “indentation ldispment”
measured by the transducer is in general diffefemh the actual indentation depth at the indenigr dnd the
difference between them is the change in the heifilthe tip assembly caused by the thermal stranwell as
inevitable mechanical strain).

Thermal drift is commonly revealed by the net dasgiment under fixed load for a brief period (sehvszaonds),
either at a small fixed pre-load (e.g.u®) or during unloading when the load is held atab fraction (e.g., 20%)
of the peak load [11]. The average preload drift ia rather small, i.e., 0.1-0.25 nm/s, and isoainindependent of
the temperature and only very weakly dependent upaterials properties such as the thermal condtyctand
hardness of the specimen. On the contrary, theadntift rate is many times larger, and increasessiclerably
with temperature, the thermal conductivity of tipeamen, and the contact area (which is inversedpgrtional to

specimen hardness); for example, it increases fibout 0.2 nm/s at room temperature to 1.7 nm/s7atk for



fused silica, and for copper, which has a muchdrghermal conductivity, it can reach as high asual37 nm/s at
590 K [11].

Considering the extremely high thermal conductivit2400 W/mK [30], of the diamond indenter tiph#ts been
proposed that the tip can rapidly achieve thermaildrium with the specimen upon contact and tfeeethe tip
itself does not contribute substantially to theestsed drift [10,11]. Instead, the rest of the tgsembly experiences
much more gradual temperature rise and more siginfiexpansion, due to its relatively lower theromiductivity
and larger dimensions. Trenkle et al. [11] proposezhe-dimensional heat flow model where a coldi-$efimite
shaft comes into contact with a hot semi-infinpecmen at timé = 0, and derived an equation for the thermal drift
as a function of time in terms of the thermal prtips of the specimen and shaft. The model is ttbéapture some
general trends observed experimentally, i.e., @anearse in thermal drift with temperature, contaetaaand the
thermal conductivity of the specimen, althouglpitsdictions do not exactly match the measured dxié due to its
static nature and the simplified geometry used.riivet al. [31] considered the same static heatdoation
problem, but incorporated the axisymmetric, thramethsional geometry of the tip assembly and sanwaild, the
tip positioned at um indentation depth. With the bottom of the specimed the top of the tip holder held at a
fixed high and low temperature, respectively, teejved for the temperature evolution of the tweiattontact by
the finite element method. This model confirmedtthiae specimen temperature and thermal conductivity
significantly affect the temperature distributiam the system (and therefore the overall thermdt)diowever,
both of the models described above only consid¢inednal conduction between two still objects, andl ot
address the mechanical and dynamic aspects ohdebiation.

Here, we carry out a finite element analysis &f tiot nanoindentation process, which allows us doitar the
temperature evolution and the deformation behavidhe system during indentations conducted in@iuen. We
perform indentation simulations on specimens witfifeent thermal conductivities, and at several ffenatures
ranging from room temperature up to 673 K and aes# loading rates as well. At each temperatucklaading
condition, we compare the actual vs. apparent gipefration depth, and thereby assess the therifiabder the
entire indentation process. The simulation resaits compared with prior experimental measuremetit§ [and
provide insights regarding the use of high tempgeananoindentation experiments to study thermedijvated

materials phenomena and temperature-dependentiat@f@operties.



Finite element model

Our model indentation system is shown schematigallifig. 1(a). The tip assembly consists of a matwft
and a diamond indenter tip that are joined togellyem layer of titanium-based brazing alloy. Theaagement and
dimension of each of these components are setnwlaie the nanoindenter platform from Hysitron Inc.
(Minneapolis, MN), which our group has used exteglyi to perform hot nanoindentation experimentsaorariety
of materials [10~12,16,18,19,21,24,25]. As a resu#t are able to compare our simulation resuler laith some
load-displacementPth) curves and thermal drifts measured by this sjpeniflenter. We specifically model the
case of vacuum indentation, where there is no atiiveeatmosphere.

The indenter assembly shaft is 8 mm in height, twiiscabout 133 times the total height of the diadhtip and
brazing layer, and therefore even slight tempeeaéixcursion and thermal strain in the shaft caseaubstantial
elongation. Connected to the shaft by a brazingrlés/an axisymmetric conical indenter of semi-apangle 70.3°,
which yields a projected area equivalent to thathef Berkovich tip [32,33]. The indenter tip is éakto be blunt,
with a radius of 200 nm. The overall height of tipeis 20um, while the thickness of the specimen is@.

The high temperature indentation process is simdlatising the commercial finite element software
ABAQUS/Standard. All parts in the model are mesheith axisymmetric 4-node bilinear elements CAX4htth
allow for coupled temperature-displacement analylie element sizes are extremely small, e.g.nedl @5 0.05
nm, near the contact, and gradually increase totat@0um far away from the contact. A close-up of the miesh
the shaft, tip and specimen is shown in Fig. 1@erall, the entire tip assembly is modeled witlowtbl7800
elements and the specimen with about 8700 elements.

Table 1 summarizes the mechanical and thermal piepeof all materials used in this work, includitige
elastic modulus, Poisson’s ratio, yield stressyrttaé conductivity, density, thermal expansion cmédht, and
specific heat capacity. The macor shaft and titarllased braze are assumed to deform only elagtidaiing the
entire indentation process, as the stress levitlem is very low due to their large cross-secti@rahs. We assume
that the diamond tip also only deforms elasticdllying indentation, but we take into account thedir temperature
dependence of its elastic modulus.

Indentation simulations are performed on both fusiéda and pure copper; as copper is much softdrraore

thermally conductive than fused silica, a differdr@rmal response is anticipated. The mechanicepties of the



fused silica and copper are described by an eladtis power-law work hardening relationship, whichone-

dimensional form reads:

{Es (O<e<g) @

o, +F(e-¢)" (g,<8)

whereo is stressg, is the yield stres<: is elastic modulust is strain,F is the strength coefficient, andis the
work hardening exponent. The elastic modulus aettlystress of both materials as a function of taatpee, as
listed in Table 1, are deduced from prior high temapure nanoindentation measurements (a Taborfatth5 for
fused silica [36and 3.0 for copper [34re used respectively to determine the yield stréased silica is taken to
be elastic-perfectly plasticF€0) [34], while copper undergoes work hardening dmely yield (its temperature-
dependent= and n values are obtained from prior tensile tests arel given in Table 1) [35]. We also use
temperature-dependent thermal conductivities fdh lnsaterials. Rate-dependent and creep behaviersxalicitly
neglected in this study, which is reasonable ferringe of rates, temperatures and stresses we docu

The interaction between the indenter tip and dipesurface of the specimen is defined as a “handtact (when
the two surfaces are separate, there is no presses they are in contact, any pressure can bsfeaed between
them) in the normal direction, while frictionleskdig is allowed in the tangential direction. Hezgin only be
transferred across the contact by conduction, bacontact thermal conductance is assumed infiviiien the two
surfaces are in contact. Contact conditions arereafl between the top of the specimen (master@)rfand the
bottom of the tip (slave surface) by surface-tdfae discretization with finite sliding, which taketo account the
local shape of both surfaces near contact andptaygdes relatively reliable stress solutions.

In our model, heat transfer takes place solely drydaction, which is reasonable for indentationsdemted in
vacuum as done experimentally in Ref. [11]. Thetdiot of the specimen is held at a fixed set tempegat
throughout the indentation process. Prior to apglyany load, a thermal equilibration step is cdroet so that the
temperature in the entire specimen reaches thesgterature. The entire tip assembly includingsheft, braze,
and tip, assumes an initial temperature of 293nd, the temperature at the top of the shaft is k@93 K during
indentation The bottom of the specimen is constrained in dlagling direction, while uniform compressive strisss
applied at the top of the shaft to simulate thesimidtion process. In order to compare with prigregkmental results

[11], the same loading function is used as showkign2. The maximum load.B we use is 9.5 mN for fused silica



and 3.0 mN for copper. We conduct a thermal-medadinalysis of the entire indentation proceseatal load

ramping rates, including 1, 4, and 8 mN/s, and @itiple temperatures up to 673 K.

Comparison to Experiments

The number of published experimental works thatf@mon to the conditions of the present simulatioas
relatively small (especially due to our focus orcwam indentation), and so we first examine theitgbdf the
model to reproduce the key experimental signaturater, we turn to details revealed by the modeictvtare not
accessible directly by experiments.

We first run an indentation simulation on fusedcailat 593 K with a loading rate of 4 mN/s, and pane the
simulations with prior experimental results [11aired in vacuum under the same loading conditionsig. 3.
The displacements from simulations reported in Bigre those at the top of the shaft, as the dispiants from
experiments are measured by a transducer locatee ahe tip assembly. Fig. 3(a) shows the loadldigment
curves from simulation and experiment as solid dashed lines, respectively. The tip assembly expahuding
preload holding, so as is done in experimental ntépp the displacement at the end of preload segiseassigned
a value of zero. The simulation and experimentsiilts in Fig. 3(a) generally agree with each otrexy well. The
unload drift (the net displacement accumulated rduthe unload holding) from Fig. 3(a) is furtheotpkd as a
function of the holding time in Fig. 3(b), wheremsilation results are plotted as the solid line whkperimental
data are plotted as open squares. The simulatsuitseyield a linear slope of 1.25 nm/s, whichhis tiverage drift
rate and agrees with that of the experimental ddtas the model is capable of capturing the rateeat conduction
in experiments; as the load is held constant dutig period, the elastic strain in the entireagsembly remains
constant and therefore the change in shaft dimensisolely due to thermal expansion.

We further run simulations on fused silica at 59BWK at different loading rates of 1 and 8 mN/g] present the
results in Fig. 3(b) as a dotted line and a dasined respectively. The total unload drift for a 4®old is 8.8 nm at
loading rate of 1 mN/s, 12.5 nm at 4 mN/s, and X2Bat 8 mN/s; thermal drift is significantly snaallat 1 mN/s
than at 4 or 8 mN/s. This is because there is dyrsafficient time for heat transfer at the slowmding/unloading
rate of 1 mN/s prior to the unload holding. Therefthe loading rate can affect the unload drift dritt rate during

indentation on fused silica at 593 K.



We next consider additional indentation simulatiahseveral different specimen temperatures usitog@ing
rate of 4 mN/s. The average unload drift rdfegetermined from these simulations are plotted ametion of set
temperature for fused silica and copper in Fig) 4¢a 4(b), respectively. They are largely in limgh available
experimental results [11], which are included ig.F as hollow data points. At each temperatureval@nbient
temperaturel/ for copper is over a dozen times larger thafor fused silica. For both fused silica and copper
increases with specimen temperature. Higher specitmmperature leads to a steeper temperature gtaaliel
faster heat conduction across the contact, andeqoestly greater thermal expansion of the shafe dtift rate
seems to follow a nearly linear dependence ondheerature, and a simple linear fit yields a slopéU/dT =
0.0043 nm/s-K for fused silica and 0.1198 nm/s-Kcfpper. The difference in thJ /dT values between fused
silica and copper reflects their drastically diffist thermal conductivity, and possibly their verffedtent hardness
values as well, since hardness affects the coataet available for heat exchange between tip amglsa This will

be discussed in more detail later in the discusssmtion.

Unmeasured Details

With confirmation that the present model can repoedthe experimentally-measured output of hot itetém
experiments on copper and fused silica, we nowigdeoa more detailed view of effects that contribtdethe
measured results, but which are not themselvestllirebserved in the published experiments. We begth a
detailed examination of the displacement histonyripan indentation.

During indentation experiments, the displacementsueed by the transducer is that at the top oftifhe
assembly. The displacement at the indenter tipchvis the true indentation depth, is not known aadnot be
easily deduced when the tip assembly not only gwkes elastic deformation but also experiences riforam
thermal expansion. This problem for high tempematmanoindentation might be mitigated by performing
indentation tests at very high rates, so that tieti#tle time for heat conduction to occur. Howeyeven so, the
discrepancy between the measured displacementarattual indentation depth might not be able todyapletely
eliminated. Also, more often than not low loadirzgess are desired, particularly when the propedfesaterials
under investigation are rate-dependent. Finitenetg modeling of the kind done here can shed lighthis issue,

as it can keep track of the tip displacement thhoug the indentation process.



We now compare the displacement at the top of hiadt, 4. to that at the bottom of the indenter tif,,
during indentation at three different loading rates4, and 8 mN/s. As rate and temperature effeetcoupled in
this problem, we further study the rate effectvat tifferent temperatures, 473 and 673 K. The ddaglacement
curves from these simulations are assembled ingt&).and (c) for fused silica and in Fig. 5(b) ddyifor copper.
In these figuresP-Ugai curves are plotted as lines whiReUy, curves are plotted as open symbols; downward
displacement is deemed positive and upward negdtimeeach material and at each temperatureR4dg, curves
from the three different rates completely overlapteother. This is expected sirldg, is the true indentation depth
and is determined by the applied load, becaudeisrstudy the material properties are assumed todependent of
rate. In contrast, the behavior Of;. is much more complex and exhibits rate dependescwill be discussed
below.

During indentation the tip assembly also experisncempressive elastic strain, which is proporticioathe
applied load. The elastic mechanical strain inghaft is very small (e.g., it is only about 1.6('%at a load of 9.5
mN in the absence of thermal effects, and corredpdm a shrinkage of about 1.3 nm in shaft heightgontrast,
the compressive strain in the indenter tip is miariger in magnitude (although diamond is much hattdan
macor), due to the much smaller cross-sectional iaréhis region. For example, in a mechanicaldaton with no
thermal effects, at a load of 9.5 mN the elastiaistranges from 4.4 x 10at the top of the diamond tip to 9.5 X°10
at its bottom; the height of the diamond tip desesaby 12.3 nm. Such compressive strain alone aaude an
increase in the downward displacement at the sbpftTherefore when thermal expansion is trivialjsathe case
for indenting fused silica at 473 Klsha Would be larger thaly, due to this mechanical effect, as shown in Fig.
5(a). The difference between them is about 11 nithefpeak load for the 8 mN/s case, and is comfratakthe
decrease in the height of the diamond tip discuss&ede. This purely mechanical effect would suppdse upon
the normal machine compliance, which is routinelgaunted for in experimental studies through catibn.

At lower loading rates or higher specimen tempeestuthe shaft experiences greater thermal expanstaich
drives the shaft top to move up more with respectts bottom under load control. Therefddg,., the net
downward displacement of the shaft top, becomediasmand theP-Ugn curves shift to the left in Fig. 5. For
example, as shown in Fig. 5(c), as we decreas#iting rate to 1 mN/s and increase the temperétone 473 to
673 K when indenting fused silic@snar is now no longer larger thadg, and becomes much smaller thidg,

during unloading. When the specimen is copper (wiias a much larger thermal conductivity than fusiéda),



Ushaitis always much smaller thduy, due to significant thermal expansion, as showfign 5(b) and (d). At 673 K,
the shaft has expanded so much that eventujly, becomes negative, i.e., the final position oftthe of the shaft
at the end of unloading is much higher than itdahposition prior to loading. The rate dependeat¥y,,x Shown
here also calls for caution when nanoindentatiarsed to probe the rate effects of materials dt tégperatures.

Consistent with prior observations made in conoectiith Fig. 3(b), loading rate dependency of titaltunload
drift measured during unload holding is also foumdopper, and to a much more significant degneehé case of
copper at 673 K, which exhibits the largest unldaidt in this study, the maximum difference in uatbdrift is
about 100 nm across the range of studied ratesddrdrift is 378 nm at loading rate of 1 mN/s and 4m at 8
mN/s). The contact time between tip and speciméoniger as loading rate decreases, so the tempenase in the
shaft prior to unload holding is more developede Ebrrespondindyg..i curves due to loading rate are also in line
with this drift dependencyJsna becomes smaller as loading rate decreases ahd itase of copper at 1 mN/s and
673 K, the slope of the loading curve near the pleakl is no longer even positive, and the unloadingve
unphysically crosses the loading curve.

The drastic differences between the thermal regmowhen indenting fused silica and copper can be easily
appreciated by comparing the temperature distobuih the system. Fig. 6 shows the transient teatpes along
the axisymmetric axis (i.e., at= 0) as a function of, the distance in the loading direction, when irishenfused
silica and copper at 673 K with a rate of 4 mN/e Temperature distributions at four instants amws: (1) at the
end of preload holding, (2) at the peak load, (3tha beginning of unload holding, and (4) at tinel ®f unload
holding. The temperature in the tip assembly isashim Fig. 6(a) and (b) for the case of indentinged silica and
copper, respectively, and the horizontal axis iesthfigures is the distance above the bottom otithen both
cases, the tip assembly experiences similar héstarf temperature change. During the preload pdhiedip end
achieves thermal equilibrium with specimen and naéms equilibrium during the entire indentation gees. This
observation is in line with prior arguments thag thear-contact region of a diamond tip should He &b attain
equilibrium with a heated sample, especially sitimepreload hold in this study is one hour—equahtthermal
equilibration time reported experimentally [10] ansed as a standard for preheat equilibration efsiystem in
other subsequent studies [1,7,13,16,25].

After the indentation begins in earnest, the temujpee in the shaft, behind the diamond tip, commto rise

during loading, unloading and unload holding. Fraraple, the temperature at a point 500 above the tip end



rises by about 1 K for the case of fused silicarhuth more than 20 K for the case of copper byetiek of unload
holding. For all four times shown in Fig. 6, temgteire decreases with distance along the shaft,esadtually
converge to 293 K at the top of the shaft (nowehin Fig. 6(a) and (b)). Since the temperature nisthe shaft is
directly responsible for the drift displacement daspecifically, the temperature increase duringoadl! holding
accounts for the experimentally measured unloat) diiese differences explain the drift resultsrsearlier in Fig.

4. We will discuss this in greater length in thetsm that follows.

Discussion

The above simulation results represent an impostalidation of proposals in the literature regagdrift and
other thermal issues in hot nanoindentation, esfigcas regards the special case of indentatiomaicuum. As
discussed in detail in the experimental paper ehKle et al. [11], vacuum removes a major conduliteat transfer
between tip and sample, namely convective tranghootigh the surrounding medium. As a result, theonly
experiences heating through a small conductiveaobntith the specimen, and this leads to varioggmtiee results
anticipated by Trenkle et al. [11].

Specifically, the differences between actual angaagnt indentation depth arise from thermal exmansf the
tip assembly. There is little drift before the intiion begins, because the whole tip assemblyrhesdhermally
stable during 1 hour of preload atuRl. However, upon indentation the contact area risp&dly, as does heat
transfer into the tip and concomitant thermal esi@m Drift during unload holding is especially ptematic
because of the large contact area of the residyadeission. Trenkle et al. [11] described the théminidt U as a
function of holding time, temperature, materialsgerties, and contact area, based upon which wencita the

average drift rat&/ during unload holding from= 0 tot, here:

ashaft 1

U =B B [BT ecimen _Tsth:a(f)t
1, \/ T @
V Dshaft DspecimenA\:

whereagqnat is the thermal expansion coefficient of the shafie thermal diffusivityD = k/(pCp), with k being the
thermal conductivityp the density, an@, the specific heat capacitisnaris the cross-sectional area of the shaft.
is the contact area and is determined feym= 24.5h2, whereh is the true indentation depth (i.e., ). This

equation was originally derived [11] based on suddee-dimensional thermal contact between two sefimite

10



bodies at different temperatures, and here we replaced the original consta2itv/m with a scaling paramet&to
account for the geometric and mechanical compbaatof the true indentation contact problem.

Equation (2) captures the linear dependence ohtkeage drift raté/ on Tspecimen With Tsnare(t =0) =293 K

andt, = 10 s, we fit the data in Fig. 4 that ploisas a function 0T speciment0 Equation (2), and obtal = 2.94 for
fused silica and = 4.27 for copper respectively; these fitting fesare plotted as solid lines in Fig. 4. Thesedin
appear slightly non-linear because the contact Aséa Equation (2) is not a constant but rather igeshelent upon
temperature as a result of the temperature-depéenuechanical properties used in the model. Thedfivalues for
the constanB for the two materials are reasonably close togeted in fact it may be convenient to use a single
value ofB that reasonably represents both. Best fittingathlilata sets together yielBs= 3.38, which as shown in
Fig. 4 with dotted lines slightly overestimates thidt in fused silica, and slightly underestimateis copper. In any
event, the fitted values of B are significantly liég than the constant emerging from the model efKle et al., B =
2/+/m [11], the predictions of which are also includedFig. 4 as dashed lines; the difference is abdactr of
three, which is a reflection of the added dimensifor heat transfer in the 3D model, and the sugstipn of heat
flow along them. Equation (2) also explicitly shothiatlU increases Witlshat, Dshafs Dspecimen @aNdA, but decreases

with largerAgnaand longer holding timg.

As \/Ashaft/(DspecimenAc) is on the order of f0s¥?m™ and 18 s¥”m™* when the specimen is fused silica and

copper, respectively, it is several orders of magle higher than/,/Dg,, ¢ Which is only about 1168&m™.

Therefore to a reasonable approximation, Equapm@ay be simplified as:

. g0\ Do
U=B[ shaft speumenAc [ﬂTspecimen _T;zo

\/Amaftto "
D h\/ Dspecimen

Since /D¢y, /+/Dsioz = 10.8 and for the unload holding conditionsg, /hgio, = 1.8, we obtain(hCu,/DCu )/

®3)

(hSioz,/DSioz) ~ 19.9. This value is consistent with the ratio (which~i®1.7) between the average unload drift
rates of copper and fused silica in all the presenulations at elevated temperatures (see Fig. 4).
It is very encouraging that the present, more stighited FEM model can reproduce the same trents rixy

Trenkle et al. [11] both in their experimental datad in their simple analytical heat transfer asialy Our

11



conclusions therefore echo those of Trenkle etramely that exaggerated drift is a problem endetmitiot
indentation if there is any scope for heat transfr colder components in the load train. Thipasticularly so in a
vacuum environment, where thermal equilibrium betweip assembly and specimen is difficult to esshbl
Trenkle et al. [11] proposed the use of a shafenwtwith very low or zero thermal expansion caréint to reduce
this effect, and showed significant improvementthwiich a tip assembly.

It is also of concern that in a vacuum indentaggperiment the specimen temperature near the dariae can
be significantly different than the nominal setpgoiBecause of the heat transfer from the hot spatito the cold
tip, the temperature in the specimen near consaltiwer than the set point temperature desired. 6{ic) and (d)
show the temperature distribution in fused silind aopper ak = 0 beneath the contact when the set temperaure i
673 K and the loading rate is 4 mN/s, and the looital axis is the distance below the initial topface of the
specimen. Since the actual specimen top surfaoavier than its initial position during indentatiaine data in Fig.
6(c) and (d) do not start at zero distance exaapthe curves representing the temperature atrtieepreload. The
specimen top already experiences temperature dribye &nd of preload, and the drop is particularignounced in
fused silica. At the peak load, the temperatureoatact is only about 300 K in fused silica an@dl®ut 620 K in
copper; even at distances as far as?below contact, the temperature is only about4f fused silica and 650 K
in copper.

To reveal the size of the affected zone, we furilet in Fig. 7(a) and (b) contours of temperatatéhe peak
load in fused silica and copper, respectively. Waamportant to remember in this context is thigt F show only
a cross-section of the full volume of interestlie test. When the temperature is volume-averaged tbe plastic
zone, the effect of near-contact cooling can beenmoperly assessed. As a first simple approachtake the
plastic zone as the hemispherical region withiradius of 1.9 times the contact half-length [46~4&je plastic
zone radius is about 1.4m for fused silica and 1.am for copper. We compare the average plastic zone
temperature with the setpoint temperature in Fig. 8

The difference between the “true” plastic zone terafure and the setpoint is actually subtle in dhse of
copper, owing to the high thermal conductivity lo¢ tsample and its ability to “back-fill” heat last the tip. In the
case of copper and high conductivity materials fikeve conclude that although there may be regiocally cooled
near the contact, the true test temperature, wheraged over the plastic zone, can be consideresk db the

corresponding set temperature, with an error bardér ~5 %.
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In the case of a low conductivity material like édssilica the opposite situation seems to develtpough the
amount of drift resulting from heat transfer inte ttip is lower (cf. Fig. 4), the low sample contikity leads to
significant thermal gradients in the sample neardntact (Figs. 6-8). For example, when the sap&zature is 673
K, the calculated average temperature over theiplasne is 402 K for fused silica (about 270 Kfeliénce). Fig. 8
suggests that over the range of test temperatueasired here, the error on the true test temperasuzbout -40 %
for fused silica. It is hoped that in future woHetpresent model could be used to design a teatligan in which
some indentations are used to first heat the shdficiently that a subsequent indentation may estely sample
the intended sample temperature.

Other authors have proposed separate heating sy$berip and sample [13,20,49~51] and this apgrcaould
be given special attention for indentation in vaouas a means of overcoming the exaggerated di#s raf
Equation (2). In a gas atmosphere the experimenigemkle et al. [11] offer significant evidenceaththe tip is
more evenly heated by its mere proximity to the batple, owing to increased convective transporhext
between sample and tip. A detailed numerical amalygcluding such effects remains to be conducthis
represents a key direction for future finite elememdeling. The fact that such a model can faitiifegproduce
results from a vacuum environment is regarded asmgportant first step towards eventually addressingh

complex situations.

Conclusions

We have investigated high temperature nanoindemtaésting using a finite element model with coasadion
of heat transfer, which offers insights on compiesi that generally cannot be measured in expetsnéarciuding
drift and the true penetration depth, and tempegaguadients in the tip assembly and in the sameée the contact
zone. The model is specifically relevant only tdéntation in a vacuum, and the salient conclusimeslisted
below:

1. The proposed model is able to reproduce all of ahailable experimental observations on vacuum hot
nanoindentation for two very different materialsgper and fused silica). The agreement with expantns
good in terms of load-displacement curves, thermhdft kinetics and temperature dependence. Heat
conduction into the cold tip assembly from the §ieécimen is the major factor inducing thermal daft hot

nanoindentation in a vacuum environment.
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2. Under vacuum, the only heat transfer from samplétoccurs via the mechanical contact point, dmsl leads
to two undesirable effects. First, this causes geegied thermal drift that is a complex functiontlod test
history, because the contact area changes as thglesés plastically deformed. We are able to trackl
analyze this complex drift for the first time withe proposed model. In a simplified setting, asirdua
constant-load holding period, the drift is morediceable, and here we use the modeling resultat¢oessfully
calibrate the simple one-dimensional model of Thenit al. [11]to this situation. Second, heat transfer
between the cold tip and hot specimen causes urdespecimen cooling near the contact region. This
increases the error bar on the test temperatuhg somewhat for a high conductivity material likepper (~5
%), but by a large amount (~40 %) in a low conduttimaterial like fused silica.

3. Our study supports proposals in the literaturdrfggroved high-temperature nanoindentaion testimgjuding,
e.g., separate tip heating or operation in a gassphere for thermal equilibrium between tip andcépen,
and the use of a tip assembly with very low or zisermal expansion coefficient to suppress aréficrift
displacements.

Most of the materials phenomena that are studiedampidentation, including plasticity, phase transfation,

shear localization, etc., are thermally activatedrmmena. The use of high-temperature nanomecidesting is

therefore expected to rise in the coming yearse d$e of combined thermal and mechanical models asc¢he
one proposed here can help to better deconvolvemtiieand mechanical effects, to analyze and ingtrpr

experimental signals, and to design test paradappsopriate to a given test material.
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TABLE 1 Materials properties used in this study.

Macor Titanium

Materials (Shaft) (Braze)

Diamond
(Tip)

Fused silica
(Specimen 1)

Pure copper
(Specimen 2)

Elastic modulus

(GPa) 66.9[38]  115[39]

Poisson's ratio 0.29 [38] 0.33 [39]

Yield stress

(GPa) X X

Thermal
conductivity 1.46 [38] 20 [40]
(W/mK)

Density

(glen) 2.52[38] 4.50 [40]

Thermal expansion 9.3x10°  8.4x10°
coefficient (1/K) [38] [40]

Specific heat

capacity 790 [38] 523[40]
(I/kgK)

F value

(MPa) X X

n value X X

1140[1-1.03x
10%(T-293)][41]

0.07 [42]

X

2400 [30]

3.51[42]

1.2x10°
[42]

509 [42]

75.93_3.94X@T-273)/l3623]

(11]

043

129.42-5.34x18T
[11]

0.33 [44]

[9.25-2.81x1G(T-273)]/1.5 [1.03-9.53x1(}(T-273)]/3

(11]

0.97+1.26x10T
[43]

2.2 [43]

5.5x107
[43]

772 [43]

(11]

420.71-6.89x18T
[45]

8.96 [42]

16.5x10°
[42]

385 [42]

1139.15-1.31T [35]

0.62-2.21x10 T [35]

27



28



29



P

g
=
o
=]
=]
Unload
holding
0.2 Pray
Preload holdin
2N a
3600 s T-—

Time

30




(a)

Load (mN)

&

£
T

Fused silica, 593 K
L === Experiment[11]
— FEM (shaft top)

0 50 100 150 200

Displacement {(nm)

250

300

(b)

Thermal drift (nm)

31

16 -

Fused silica, 593 K
o Experiment, 4 mN/s [11]
------ - FEM, 1 mN/s
— FEM, 4 mN/s
---- FEM, 8 mN/s




—
4]
T

Thermal drift rate (nm/s)

ooy
o

i
n

20t

1.5¢

05t

0.0

1.0+

Fused silica

o Exeriments [11]

m FEM
----Eq. (2) with B=2/x
——Eq. {2) with B=2.94
------ Eq. (2) with B=3.38

-aa
--"" =

400 500 600
Set temperature (K)

300

G

Thermal drift rate (nm/s)

32

80 — =

Copper

o Experiments [11]

60+ m FEM

----Eq. (2) with B=2//x

—Eq. (2) with B=4.27
40 | Eq. (2) with B=3.38 .
20+ -

[=1

400 500 600 700

Set temperature (K)



(a)
12 : - ;
Fused silica, 473 K
-~ Shaft top, 1 mN/s
9} — Shaft top, 4 mh/s
= ---- Shaft top, 8 mN/s
E o Tipend, 1 mN/s
; 6L o Tipend, 4 mN/s
E & Tipend, BmN/s
S :
e
0 50 100 150 200 250 300
Displacement (nm)
(c)
12 : - v 3
Fused silica, 673 K
........ Shaft top, 1 mN/s
8+ —— Shaft top, 4 mNis |
5 ===« Shaft top, 8 mN/s
E o Tipend, 1 mN/s
— gL o Tipend, 4 mNis 7
'E & Tipend BmNis
8 "
3 L
a
0 2 A
0 50 100 150 200 250 300

Displacement (nm)

4 — T T T T T T T
Copper, 4T3 K
----- ~ Shaft top, 1 mN/s
_ 3F — Shafttop, 4mNis ¢ 1
z ===« Shaft top, 8 mi/s :
E o Tipend, ImN/s :
5 27 = Tipend 4mNfs ¢ s
s a Tipend 8mNis 7§ s ®
- .
1t P
4 a
E
n [ - i i i i .‘_
50 0 50 100 150 200 250 300
Displacement (nm)
(d)
4 . . = = =
Copper, 673 K
- Shaft top, 1 mN/s
3 —— Shafttop, 4mN/s 1
z ---- Shafttop. 8mN/s  /:
E o Tipend 1mNis 7 g
S 2f o Tipend dmNis o -
3 a Tipend, 8mNis 7 .
| / 8
1+ -
-]
prasimiar !1 a
c' i i H i 4 4 I_
-450 -300 -150 0 150

33

Displacement (nm)



(@)

304

Temperature (K)

700 T T T L
_ B -'_':ﬁ;-_-.-:-‘l-l'--u
W 600 j-"f--—-'f-.fr'
T L
2 o
2 //,
S S00r ;’,:" Fused silica
E. | # —— End of preload
S 400} /! e it ing ]
= I —-=Begining of holding
.!5 ----End of holding
300 L . . . - -
0 2 4 (5] 8 10

Distance below top of fused silica (um,

302 +

Tip Braze Shaft

e -
Tip assembly on fused silica
End of preload

= = Max. load

—- = Begining of holding

---- End of holding

0 100 200 300
Distance above the tip end (um)

400 500

{b} Tip Braze

Shaft
Em i Kj ] T i L] T
Tip assembly on copper
640} - End of preload
—_ - = Max. load
o o — -~ Begining of holding
BO0F ", ----End of holding g
R
2 o N
E 560 b T Xemaeat
= . b i
520 — e
1] 100 200 300 400 500

(d)

Distance above the tip end (um)

Wu L] T L
—-——.‘T&;ﬁ'ﬁa

T 660} e ]
€ z
£ G40k 4 E
e o Copper
2 ! —— End of preload
552:].; ——Ma:-:_.lnud . .
(=] }/ — - - Begining of holding

eoo l ---= End of holding

0 2 4 6 8 10

34

Distance below top of copper (umj
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